 Abstract-T o identify the miRNAs associated with the simulated microgravity response in plants and to ascertain the regulation network mediated by miRNAs under simulated microgravity conditions, we constructed a miRNA library by direct cloning method and analyzed the library. Six conserved Solanum lycopersicum miRNAs were identified for the first time in Solanum lycopersicum under simulated microgravity condition. Gene ontology analysis showed that most of the predicted targeted genes were involved in organelle part, transcription factor, signal transduction and metabolic process, implying a complicated relationship among the external signal, internal transduction and final phenotype. Cis-elements located in the upstream sequences of each miRNA were identified and their roles in gene regulation were investigated. In the study, miRNAs were identified in S. lycopersicum for the first time under long-term simulated microgravity condition, which will help reveal the regulation mechanism mediated by miRNAs under simulated microgravity condition and adaptation to Earth's gravity.
I. INTRODUCTION
MicroRNAs (miRNAs, about 19-24 nucleotides (nt) long) arise from large precursors that are transcribed by RNA polymerase II into long, non-protein coding RNA molecules (primary miRNAs, pri-miRNAs). MiRNAs either suppress the translation of target genes or directly degrade mRNA targets by binding to sites in the mRNA sequence through near-perfect complementarity [1] , [2] . The pri-miRNAs form imperfect self-complementary stem-loop secondary structures and are processed by a ribonuclease III-like nuclease termed DICER-LIKE1 (DCL1 in plants) into miRNA precursors (pre-miRNAs) that can fold into a perfect or near-perfect secondary hairpin structure [1] . Pre-miRNAs are processed further  into miRNA/miRNA*duplexes by DCL1 and other associated proteins [3] . The duplex of about 21 nt has a 2-nt 3'-overhang at each side and contains a few mismatches [4] . After unwinding of the miRNA/miRNA* duplexes, one strand of miRNA is released and is then usually incorporated into the multi-protein, RNA-induced silencing complex (RISC) or RISC-like complex; the complementary miRNA strand, labeled miRNA*, is generally degraded by an unknown mechanism, although in some cases the miRNA* strand also accumulates at a low level [1] , [4] , [5] , [6] . Plant miRNAs were first described in Arabidopsis thaliana using a traditional molecular sequencing method, and later in other species, including rice [7] , poplar [8] , [9] , tomato [4] , [10] , maize [11] , soybean [12] , and potato [13] using different approaches [14] . To date, hundreds of miRNAs belonging to more than 40 families have been identified in over 70 plant species [15] . Many of these miRNAs have been deposited in miRBase, the miRNA database (http://www.mirbase.org).
Environmental stresses either have induced the overor under-expression of certain miRNAs or have led plants to evolve mechanisms to synthesize certain miRNAs to help them cope with stress [3] . However, despite this knowledge of the involvement of miRNAs in various kinds of stress responses, little is known about the role of miRNAs in the simulated microgravity response in plants, especially long-duration simulated microgravity. Gene expression can be finely regulated at several levels to guarantee proper development and tissue function, as well as to support adaptation to biotic and abiotic stress conditions [1] , [2] , [8] , [12] , [16] . The participation of miRNAs in a regulatory mechanism at the post-transcriptional level is a recent discovery [4] .
Considering the function of miRNAs as upstream-acting elements and the large number of downstream genes that are targeted by miRNAs, identification of the response of miRNAs to simulated microgravity may contribute to our understanding of how small RNAs mediate plant regulation mechanisms over a prolonged period of simulated microgravity.
Biological life support system (BLSS) have been proposed for long duration and human presence space missions on the Moon or Mars for several decades [17] . With the increasing requirement for exploring space resource and constituting orbital station or space farm, it is imperative to build the long-duration and human-presence BLSS.
The benefit of BLSS lies in their ability to provide, in a closed loop and regenerative system, the five pillars of life-support, these being the provision of; (1) food production and storage,(2) atmospheric management (primarily CO 2 andO 2 ), (3) potable water production(4)waste management and (5)crew safety [18] .
The growth of plants in space remains a priority for the development of the National Aeronautics and Space Administration's (NASA's) strategic plans, especially for BLSS [19] , [20] .
The essential logic that drives this priority is that the interrelationships between plants and animals are perfectly complementary: plants recycle human wastes and provide human nutrients, while humans recycle plant wastes and provide plant nutrients. Therefore, plants could be an integral part of long-term BLSS and, by extension, essential components of efforts to establish larger-scale controlled ecosystems on extraterrestrial surfaces [21] .
Tomato (Solanum lycopersicum) is a popular fruit and a candidate species in NASA's future (BLSS). To date, hundreds of tomato miRNAs have been identified by several research groups. Recently, a high-quality genome sequence of domesticated tomato has been completed [22] , which will greatly facilitate whole genome-wide studies of miRNAs involved in the stress response.
Although these studies identified a large number of tomato miRNAs, to date, almost no research was to identify miRNAs involved in the plants' response to long-term RPM-treatment-RPM, a random positioning machine (RPM) used to simulate microgravity in ground-based experiments [23] . Microgravity is a unique space environment that can affect the growth and development of plants which, since their origin, have developed under normal gravity conditions. Microgravity can have negative or positive effects depending on the plant species, the developmental stage at which microgravity exposure started, and the duration of the microgravity conditions [17] , [24] , [25] , [26] . The aim of this research was to identify conserved miRNAs that are regulated by the long-term RPM-treated tomato. The results will have important implications for gene regulation under long-term simulated microgravity and will help to depict the genomic landscape of small RNAs' response to microgravity.
II. RESULTS

A. Identification of miRNAs from S. lycopersicum under Long-term Simulated Microgravity Condition
We generated a library of small RNA species through direct cloning of small RNAs from S.lycopersicum cv Micro-Tom leaves at 30 days after sowing (DAS). After sequencing, redundant sequences, degraded products from protein-coding sequences, and other sequences corresponding to other non-coding RNA sequences were removed and the remaining 14 unique sequences in our miRNA library were grouped into conserved tomato miRNAs with perfect matches to six of the S. lycopersicum miRNAs in miRBase (release 19).
B. Analysis of Expression Profiles of miRNAs across
the Time Series To assess the involvement of regulatory small RNAs under long-term simulated microgravity condition, we profiled miRNA accumulation at three time points (10, 20 and 30 DAS) in the Micro-Tom cultivar of tomato. Real-time RT-qPCR from three biological replicates was applied to validate and measure the expression of the six conserved tomato miRNAs against the 5.8S rRNA endogenous control.
The changes in the expression levels of all six conserved tomato miRNAs among different time points were significantly induced by simulated microgravity condition, as those non-conserved miRNAs [27] . One major difference was that the expression levels in the RPM-treated samples were still lower than in the 1×g control samples before 20 DAS, but at 30 DAS, the expression level of each miRNA sharply increased, and moreover, the expression patterns of the six miRNAs showed high consistency. MiR6026 was most seriously affected by RPM-treatment, whose expression level was the highest at 30 DAS among the six miRNAs (Fig.1) . The high consistency expressions of the six miRNAs mean their similar RPM-treatment response capability and functions. Unlike the non-conserved miRNAs, the conserved miRNAs seem not to be affected by short-term RPM-treatment (less than 20 days). Relative quantitative analysis of six conserve tomato miRNAs in RPM-treated samples by real-time RT-qPCR The relative expression of each miRNA were calculated by the 2 -△△ Ct method, where △△Ct= (C T target -C T 5.8S rRNA ) sampleX -(C T target -C T 5.8S rRNA ) sample1 . The normalized miRNA levels in the 1g control samples were arbitrarily set to 1. 5.8s rRNA was chosen as an endogenous control. The results were obtained from three independent experiments. Bars represent the standard errors from three replicates.
C. Prediction of the Targets of the Seven Newly
Identified miRNAs in S. lycopersicum To investigate the function of the six conserved tomato miRNAs, we predicted their potential targets in S. lycopersicum using the miRNAs as queries for the psRNATarget server. Our computational pipeline predicted 21 unique putative genes targeted by the six miRNA sequences. Ten of the target genes can function as transcription factors (nearly half of the total), suggesting their roles in transcription regulation. Other targets are involved in diverse physiological and metabolic processes, such as protein kinases, oxidoreductase, DNA binding protein, transcription factor and ribonucleoprotein.
D. Gene Ontology (GO) Analysis
The functions of the mRNA targets of the six conserved tomato miRNAs that were validated by RT-qPCR were also investigated based on their assigned GO functional annotations. In the biological process enrichment analysis, the target genes were found to be involved in organelle part (4.8%), transcription regulatory factor (52.4%), signal transduction (4.8%), metabolic processes (38.1%) (Fig.2) . Among these, the most representative group included the genes involved in transcriptional regulation, which made up more than half of the total predicted targets. 
E. Identification of Simulated Microgravity Responsive
Cis-elements Upstream of miRNA Genes The different kinds of cis-elements that were found in the upstream regions of each of the pre-miRNAs that encode the six miRNAs that were responsive to simulated microgravity were counted and the results are listed (Fig.3) . Among them, light responsiveness elements are dominant and nearly half of the total number of cis-elements that were found. The second most dominant cis-elements were phytohormone responsiveness elements. There are other cis-elements are involved in response to cold, drought, hypoxia, low-temperature, heat, wound and others. The functional role of cis-elements in the promoters of pre-miRNAs in regulating a plant's responsiveness to simulated microgravity needs further validation by promoter deletion experiments. 
III. DISCUSSIONS
Using a direct cloning approach, Sunkar and Zhu identified a significant number of miRNAs from Arabidopsis grown under abiotic stress conditions that had been missed by computational methods [28] . In our research, the cloning approach allowed us to efficiently identify six conserved tomato miRNA from S. lycopersicum under long-term simulated microgravity for the first time. The small number of known miRNAs in our library could be because of the harsh filter that was used in processing our data. The filter may have missed some unknown, nonconserved S. lycopersicum miRNAs because low frequency reads and reads with more than five matches in the genome were discarded [12] The newly cloned miRNA sequences are either identical or highly similar to the conserved tomato miRNAs. The divergence in the number of nucleotides in the miRNAs in this study may represent different members of the same family.
Of the six conserved tomato miRNA, target genes of miR166,miR1917 were involved in fruit ripening [29] .The expression pattern of miR5300 was stage specific during fleshy fruit development [30] . miR6026 regulated plant innate immune receptor [31] . Here we cloned them in tomato under simulated microgravity condition for the first time.
The target genes of the miR1917 are splice variants of the constitutive triple response (CTR) gene, a member of the CTR family that contains key negative regulators of ethylene responses [4] . The miR1917 level gradually reduced during the simulated microgravity process, which meant an increasing of its target accordingly; as a result, plant responses to ethylene would be elevated. In our previous research about the physiological effects of simulated microgravity on tomato, we found that tomato seedlings were characteristic of plant ethylene triple responses, but the ambient ethylene content was not much higher than in the 1×g control samples. It seems not to be the ethylene level but the plant sensitivity to ethylene resulted in triple responses. Ap2 was verified as the target gene of miRNA172 [32] . It is required for pollen tube guidance and fertilization, which will affect flowering time [4] . In general, miRNA172 is preferentially accumulated in flower buds and fruits and is hardly detectable in leaves [4] . However, here we cloned it from leaves and detected changes in its expression in response to simulated microgravity, which may imply the possibility of its involvement in plant microgravity response. Whether miRNA172 is involved in microgravity response and what is the implied mechanism requires further research. In contrast, miRNA166 is more abundant in leaves and closed flowers than in fruits and has been reported to serve as a regulator of plant development, hormone response and biogenesis [33] . Thus, plant development, hormone response and stress can perhaps be linked through miRNA172.
MiRNAs regulate the expression of their target genes by mRNA cleavage or translation inhibition; and miRNA expression can also be regulated by influencing their transcription. Cis-elements in the promoter regions of pre-miRNA genes may be responsible for transcriptional regulation of miRNA. A large number of light responsiveness cis-elements were identified in the upstream of the pre-miRNAs. The relation, if any, between light responsiveness and simulated microgravity is uncertain. Light-regulated genes in tomato generally mediate lycopene biosynthesis [22] , which may suggest that simulated microgravity can affect fruit pigmentation; however, until the results of longer-duration simulated microgravity experiments become available, no final conclusion can be made.
Although some studies have reported miRNAs that are associated with stresses in S. lycopersicum, to date, little information is available about the mechanisms underlying simulated microgravity that are influenced by plant miRNA pathways. Our results, for the first time, show the differential expression of miRNAs during the long-term simulated microgravity process. If miRNAs are indeed regulated in response to (or as triggers for) simulated microgravity, we would expect to see continuous trends rather than widespread chaotic changes across a time series. With this in mind, the main focus of this study was on the preliminary establishment of a consensus system whereby the alteration of miRNA pathways by simulated microgravity could be determined.
In fact, long-term space experimental data (up to half of the life cycle) is particularly important for BLSS, because of the need to achieve generational reproduction. Taking this into consideration, in our study, simulated microgravity process is up to 30 days (nearly half of life cycle for Micro-Tom).
IV. MATERIALS AND METHODS
A. Sample Treatment and Collection
For the simulated microgravity assay, we used a miniature rapid cycling cherry tomato variety [4] S. lycopersicum cv Micro-Tom. Samples were fixed in the inner frame of an RPM. In the RPM, the seeds were subjected to a maximal residual centrifugal acceleration less than 10-5 × g, which is lower than the threshold acceleration for the gravity response [34] . Young tomato leaf blades were cut from seedlings at three time points (10, 20 and 30DAS) and immediately put into liquid nitrogen before being ground into powder. Total RNA was extracted from the frozen powder in Trizol (Invitrogen, CA, USA) following the manufacturer's instructions.
B. Isolation, Cloning and Sequencing of Small RNAs
Total RNA quality was evaluated by electrophoresis on a 1% agarose gel. Low molecular weight RNA was enriched by polyethylene glycol 8000 differential precipitation with 15% gel and urea as denaturant. Small RNA at 10 DAS was cloned using a small RNA cloning kit (TaKaRa Co., Japan).
C. MiRNAs Analysis
Adaptor sequences were removed from the sequenced fragment to obtain small RNAs and the resulting sequences were filtered for lengths between 18-27 nt. For further analysis, redundant sequences were removed. The remaining unique small RNA sequences were used as queries in a blast search (http://www.mirbase.org/search.shtml) to identify conserved miRNA homologs in the miRBase database.
To investigate the effects of long-term simulated microgravity on the expression of miRNAs, total RNA was extracted from RPM-treated samples at 10, 20, 30 DAS and from the 1×g control samples and small RNA was isolated as described above. A gene-specific forward primer was designed based on the full mature miRNAs sequences and the reverse primer was the universal primer for all miRNAs (5'-GTGCAGGGTCCGAGGT-3') [12] , [35] . The 3'terminal ends of the miRNAs were tailed with poly (A) using E. coli poly (A) polymerase, and then transcribed into a single-strand cDNA with the universe reverse primer. RT-qPCR was performed on an ABI 7500 Real-Time PCR System (ABI Co., UAS) using SYBR Green I (TaKaRa Co., Japan) to detect double-stranded cDNA synthesis.
D. Prediction of miRNA Targets
The putative target genes for all the miRNAs identifiedwere predicted using the psRNATarget server
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(http://plantgrn.noble.org/psRNATarget). The mature miRNAs sequences identified in S. lycopersicum were used as queries to search for potential target mRNAs in the DFCI Tomato Gene Index, release 13 (http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gu db=tomato). The predicted targets from this analysis were inspected individually against the NCBI protein sequence databases and sequences with an E-value below 1e-20 were removed. The protein annotation for the remaining sequences was obtained.
E. Classification of Predicted miRNA Target Functions
Using Gene Ontology (GO) Terms To better understand miRNAs target functions and classification as well as regulatory networks associated with Solanum lycopersicum miRNAs and their targets, we looked for target enrichment in gene ontology (GO) molecular function and biological process categories.
F. Cis-element Analysis of miRNA Genes
The pre-miRNA sequences for each of the simulated microgravity responsive miRNA genes were obtained from miRBase and mapped to the BAC sequences of the tomato genome (ftp://ftp.sgn.cornell.edu/). For each miRNA, 2 Kb of the upstream genomic sequence was downloaded and PlantCARE (http://bioinforma-tics.psb.ugent.be/webtools/plantcare/) was used to identify and analyze the simulated microgravity responsive cis-acting elements in the sequences.
V. CONCLUSIONS
In the present study, six miRNAs were conserved tomato miRNAs but identified under simulated microgravity condition for the first time. Our results provide new information that will help further the understanding of the miRNA-associated regulatory networks that control the responses to simulated microgravity and other stresses in S. lycopersicum and other higher plants.
